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Wind Tunnel Investigation of a Rigid
Paraglider Reference Wing
H. Belloc∗
Universite de Toulouse/ISAE, BP 54032-31055 Toulouse
Cedex 4, France
Nomenclature
b = projected wingspan
CD = drag coefficient in wind axes
CD0 = minimum drag coefficient in wind axes
CDcor = drag coefficient corrected for wind tunnel wall
effects
CL = lift coefficient in wind axes
CLα = lift curve slope coefficient
Cl25% = rolling moment coefficient at the central quarter-
chord point
ClG = rolling moment coefficient at center of gravity
(CG) in body axes
Cm25% = pitchingmoment coefficient at the central quarter-
chord point
CmCD = drag component of pitching moment coefficient
at CG
CmCL = lift component of pitchingmoment coefficient at CG
CmG = pitching moment coefficient at CG in wind axes
Cn25% = yawing moment coefficient at the central quarter-
chord point
CnG = yawing moment coefficient at CG in body axes
Cy = lateral force coefficient in body axes
c = central wing chord
ci = chord at facetization point i
e = Oswald efficiency factor
h = wing height
X, Y, Z = body axes
x, y, z = coordinates in body frame
xG, yG, zG = CG coordinates in body frame
yi, zi = coordinates of facetization point i in body frame
α = angle of attack
αcor = angle of attack corrected for wind tunnel wall
effects
β = sideslip angle
θi = parametric angle at facetization point i
λ = aspect ratio
Introduction
P UBLISHED works about arched wings, tested in wind tunnels,mostly consider parafoils that are ram-air gliding parachutes.
The first large experimental wind tunnel studies of such wings were
carried out on rectangular plan formmodels, full-textile semi-rigid or
rigid, of different sizes and low aspect ratios of up to 3.0 [1,2]. Some
published wind tunnel data deal with particularly large parafoils
developed for space recovery programs [3,4]. In this kind of tests, the
shape of the wing inflated in the wind differs significantly from its
definition drawing. In [4], a better fit between the wind tunnel and
computational fluid dynamics results was obtained by gradually
adjusting the geometry of the wing in the simulation model based
on experimental observations. Matos et al. [5] used video-based
photogrammetry combined with a laser sheet to measure the in-wind
section profiles, comparing them with their geometrical definition.
All these experiments are limited to ram-air gliding parachutes with a
low aspect ratio, mostly rectangular in plan form and with an almost
circular arch curve.
Theoretical analysis of arched wings is scarce in the literature,
partly because the Prandtl lifting line theory is not applicable to
arched wings. A renewal of interest in this question coincided with
the emergence of autonomous delivery systems based on parafoils.
The most representative contributions are those of Lingard [6], on
low aspect ratios and a low anhedral wing, while Iosilevskii [7]
extended the lifting line theory to an arched wing and solved it for
pseudoelliptic wings; Jann [8] summarized that work and included
rotating rates and controls into the approach.
Paraglider wings are different from parafoil wings, with their
greater aspect ratio, tapered plan form, and noncircular arch. They are
mainly developed for the sports industry, and therefore published
work on this aircraft category is very sparse. However, their
better gliding performance has instigated the evolution of delivery
parafoils, as a comparison study [9] demonstrates.
Hypotheses adopted for conventional ram-air gliding parachutes
are not valid for paraglider aerodynamics and they require a new
investigation. This paper presents an experimental database for a
referencewing representative of a paraglider wing. Interest is focused
on the external flow and on the influence of the spanwise arched
shape on stationary longitudinal and lateral aerodynamic character-
istics. To isolate this effect, leading edge intake and swell of real
textile inflated cells are not represented. Thus, the reference wing is
rigid and filled.
Wing Geometry Description
The arch of the chosen reference geometry is approximated by line
segments along the span as shown in Fig. 1. This choice is a
compromise between a good representation of a real arched wing and
a simple definition of the reference wing. The geometry is based on
realistic dimensions for a full-scale wing. The chosen model scale is
1/8 based on the size of thewind tunnel test section.Main dimensions
of the full-scale represented wing are given in Table 1. The airfoil
used is the well-known NACA 23015, because it is representative of
the standard aerodynamic choices made for paragliders.
The geometry of the spanwise arch is based on a half ellipse in the
x  0 plane. Themajor axis is equal to thewingspanb and semi-minor
axis is equal to wing height h. The facetization consists of 12 line
segments. End points are positioned on the ellipse. Coordinates are
yi 
b
2
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θi 
ipi
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The model wing front view in Fig. 1 shows the faceted shape of the
wing compared with the scaled base ellipse.
Thewing’s surface is generated in the projected top view shown in
Fig. 2 by an elliptical evolution of the chord along span axis Y. In the
expression, the central chord is c and a factor k > 1 is applied to span
b in order to ensure a significant chord value at thewingtip. The chord
length at each end point is determined by
ci  c
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with k  1.05 (2)
Each wing panel is trapezoidal with geometrical characteristics
that vary linearly between segment ends. The airfoil is arranged
perpendicularly to the support segment. Chordwise, it is positioned
along the x axis to have its 60% chord point in the x  0 plane
(Fig. 2).
Thewingtip is twisted using the end panel. A constant 3° tilt angle
is applied by rotation around the support segment of the end panel.
The rotating direction increases its angle of attack. The second to the
last panel is twisted linearly from 3° to 0° to connect the tilted end
panel to the central wing. The center panels are untwisted so that their
airfoil chords stay parallel to the wing X axis. The entire model wing
geometry is summarized in Table 2.
Experimental Setup
The model structure consists of a wood–carbon composite
sandwich spar and is shaped as an elliptical arch. The volume of the
wing consists of 12 panels of wing in polyurethane foam and the
surface is covered with fiberglass. The wing is supported at its lower
surface by a cylindrical metal mast, 32 mm diameter and 480 mm
long. It is fixed directly on the spar at 60% of central airfoil chord.
The wind tunnel used for these experiments has an elliptical open
test section of 3 m wide by 2 m high. The maximum velocity is
40 m∕s and turbulence intensity is 0.5%. A motorized two-axis
device, positioned off-wind, allows changes in angles of attack and
sideslip. The model mast is fixed at its bottom on a six-component
dynamometer. Another lower mast links the dynamometer to the
motorized device (Fig. 3). Thus, the top of the model is placed at the
center of the wind tunnel test section in order to keep the main lifting
surface at the center of rotation of the device as shown in the
schematic in Fig. 3. The minimum distance between the wingtip and
the boundary of the jet is 0.5 m.
This kind of dynamometer is normally designed to be integrated
into the volume of an aircraft model. Because of lack of internal space
to accommodate the dynamometer and the constraint of minimizing
aerodynamic interaction, while keeping torque values at an
acceptable level, the dynamometer is located at an intermediate
position (Fig. 3). This leaves the dynamometer exposed to the wind.
Therefore,measured loads correspond to global effects of thewind on
the wing, on the upper mast, and on the dynamometer itself. To
account for this, experiments with the wing were corrected by sub-
tracting results of similar experiments conducted with the wing
removed. To overcome any small velocity differences between those
two tests, this correction is applied to the aerodynamic coefficients
rather than on themeasured loads. A stiffness correction proportional
to the lift force is applied to the angle of attack measured by the
displacement device. The arched geometry deviates from shapes that
are accounted for by classical wind tunnel wall corrections. Hence,
the present results are not corrected. For a flat wing of the same
projected area, these corrections would be
αcor  α − 0.71CL deg (3)
CDcor  CD − 0.012C
2
L (4)
The measurement uncertainty comes from the loads and from the
dynamic pressure. The used dynamometer has 0.2 N of absolute
combined error for force components and 0.5 N · m for moment
components. The precision of the dynamic pressure sensor is 0.1%. It
is doubled to take in account the uncertainty that comes from the
calibration coefficient of the wind tunnel test section. At the nominal
value of 1000 Pa for the dynamic pressure and using surface
and length reference values given below, the accuracy is then
0.0005 0.2% for the force coefficients and 0.003 0.2%
for the moment coefficients.
The reference area used for coefficients is 0.4440 m2, cor-
responding to the true wing area (not projected but flattened). The
reference length used for the three moment components is 0.350 m,
corresponding to the central chord. The central chord is also used as
the geometric reference for the global angle of attack and the sideslip
angle of thewing.Moment coefficients are expressed about the center
of gravity (CG) point. This point represents a realistic location for the
in-flight CG for a paraglider with the pilot. On the scaled model, it is
located at 0.0875 m behind the leading edge of the central chord,
corresponding to the quarter-chord point, and 1mbelow.Coordinates
of the CG point, in the body axis system, are
Table 1 Full-scale wing
dimensions
Dimension Unit Value
Arch height m 3.00
Central chord m 2.80
Projected area m2 25.08
Projected span m 11.00
Projected aspect ratio — — 4.82
Flat area m2 28.56
Flat span m 13.64
Flat aspect ratio — — 6.52
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Fig. 1 Model wing front view.
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Fig. 2 Model wing top view.
Table 2 Model wing geometry data at panel’s ends
i yi, m zi, m ci, m Airfoil shifting
location, %
Airfoil tilt angle,
deg
0 −0.688 0.000 0.107 60 3
1 −0.664 −0.097 0.137 60 3
2 −0.595 −0.188 0.198 60 0
3 −0.486 −0.265 0.259 60 0
4 −0.344 −0.325 0.308 60 0
5 −0.178 −0.362 0.339 60 0
6 0.000 −0.375 0.350 60 0
7 0.178 −0.362 0.339 60 0
8 0.344 −0.325 0.308 60 0
9 0.486 −0.265 0.259 60 0
10 0.595 −0.188 0.198 60 0
11 0.664 −0.097 0.137 60 3
12 0.688 0.000 0.107 60 3
xG  0.1225 m; yG  0; zG  0.625 m (5)
A representative full-scale flight velocity is about 10 m∕s and the
maximum wind tunnel velocity is 40 m∕s. With a 1/8 scale model,
compared with the prototype paraglider, a half-scale Reynolds
number is obtained. The wind tunnel test Reynolds number cal-
culated on central chord is 0.92 × 106. This is high enough to expect a
similar boundary-layer behavior without any risk of global laminar
separation on the upper surface. Spanwise lift and induced drag
distributions are thus representative of the real case. The difference in
Reynolds number slightly affects friction drag and maximum lift
values.
Longitudinal tests were performed by variation of the angle of
attack from −5° to 22° for fixed values of the sideslip angle (0°, 5°,
10°, and 15°). Side tests are carried out by varying the sideslip angle
from −15° to 15° for fixed values for the angle of attack (0°, 5°, 10°,
and 15°).
As those tests concern a rigid geometry, results cannot be
completely comparedwith the case of a real flexiblewing. Indeed, the
rigid model wing is compatible with negative local lift. A real textile
wing under the same conditionsmay result in a partial collapse due to
negative load on some suspension lines. This limit is not only
dependent on the sign of the local lift, but also influenced by
structural stiffness created by internal pressure in the flexible wing.
The addition of twist to thewingtips of the reference wing is a way to
further maintain positive local lift under sideslip conditions. Thus, at
positiveCL and low sideslip angle, no collapsed condition is reached
and results are representative of real wing behavior. At high sideslip
angle or at negativeCL, the value of the results is more academic than
practical.
Longitudinal Results
Lift and Drag
The lifting curve at zero sideslip (Fig. 4) presents the same
appearance as classical flat wings, with a linear portion at low angle
of attack and a progressive reduction of the slope toward the maxi-
mum lift.
The stall is somewhat sharp but the associated lift decrease is small.
Within the explored range beyond the stall, the lift remains at a
minimum of 90% ofmaximum lift. The lift slope dCL∕dα, calculated
in the range from −5° to 5° of angle of attack, is 3.01 rad−1.
The polar curve at zero sideslip (Fig. 5) shows the customary
parabolic aspect that is given by the predominance of induced drag
growth with lift.
A common way to characterize induced drag is using the Oswald
efficiency factor “e” as specified, for example, in [10] and shown in
Eq. (6):
CD  CD0 
CL
pi:λ:e
(6)
For an arched wing, the definition of the aspect ratio λ can be
ambiguous. It can be calculated with projected or flattened value for
the span and for the wing area, leading to an arbitrary value of e. A
preferred approach is to keep as a parameter the product “λe,”which
represents the effective aspect ratio. It is equivalent to the aspect ratio
of an optimal planar wing with the same induced drag. The exper-
imental value λe  4.70 is just a little lower than the projected aspect
ratio of the wing (4.82), which seems thus efficient for a rough
estimation of the induced drag of paragliders.
Pitching Moment
The Cm25% pitching moment curve (Fig. 6) is calculated at the
central (y  0) quarter-chord point, and the CmG curve (Fig. 6) is
calculated at the CGpoint that is located 1mbelow in the body frame.
The Cm25% curve is almost vertical due to its proximity with the
aerodynamic center and it does not present any equilibrium point
where the pitching moment would be zero. Distinctively, the CmG
curve (Fig. 6) is not linear but exhibits a stable equilibrium at
CL  0.3. This illustrates well the principle of pendulum stability
used for paragliding flight stability. It occurs on an unstable wing
when the CG point is moving down enough. It can be detailed by
observing the individual effects of each component of the pitching
moment coefficient expressed at the CG. Remembering that the CG
representative point was chosen, in the wing frame, 1 m below the
central quarter-chord point,
CmG  Cm25%  CmCD  CmCL (7)
Fig. 3 Experimental setup.
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Fig. 4 Effect of sideslip on lift curve.
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Fig. 5 Effect of sideslip on polar curve.
where CmCD  CD cosα∕c (8)
CmCL  −CL sinα∕c (9)
The term Cm25% is almost constant and gives a small pitching up
effect. The term CmCD is the drag moment about the CG and it is
nonlinear (Fig. 6). It mainly increases the zero lift pitching moment.
Because of induced drag evolution, it adds a moderately unstable
effect for the upper range of lift coefficient. TheCmCL term is the lift
moment about the CG and it is also nonlinear (Fig. 6), and it provides
a strong stable effect that exceeds the sum of the other unstable
effects.
Lateral Results
The main effect of sideslip on an arched wing is the alteration of
local angle of attack for a wing section distant from the central plan.
Figure 7 illustrates this by showing the model wing viewed from
upstream at a positive value of sideslip angle.
It can be seen that the local angle of attack decreases on one side of
the span and increases on the opposite side. In the central portion, it
stays close to the value of the global angle of attack of thewing. Thus,
sideslip induces an asymmetric modulation of the local lift
distribution along the span. In the body frame, thismodulation results
in a rollingmoment, and due to the arched shape, a lateral force is also
developed. The alteration of the local lift is moreover directional. On
the side where the angle of attack is increased, the local lift tilts
forward. On the opposite side, the angle of attack is reduced and the
local lift tilts backward. Thus, sideslip also induces a yawing
moment. Overall, with respect to the standard sign convention, when
the sideslip is positive a positive rolling moment appears accom-
panied by a negative lateral force and a positive yawing moment.
Effect of Sideslip on Longitudinal Characteristics
Influence of the sideslip angle on the lift and on the drag is shown
in Figs. 4 and 5, respectively. At low sideslip angles, up to β  5°,
there is only a little influence on drag, limited to approximately 9%.
At higher sideslip angles, drag is significantly increased and the lift
curve slope decreases slightly. At β  15° the minimum drag is
approximately doubled and the lift curve slope dCL∕dα decreases by
11%. Stall is smoothed and Clmax remains close to 0.8.
The pitching moment at the CG (Fig. 8) is altered only at a low
angle of attack combined with a high sideslip angle. The zero lift
value of the pitching moment decreases. This may seem paradoxical
because the only change at zero lift is a drag increase and the
associated pitching moment is positive at the CG placed below the
wing. But, as explained above, sideslip causes amodulation of the lift
distribution along the span. Figure 7 shows that the overloaded side of
the wing, where the local angle of attack increases, is further back
than the unloaded one. In the wind axes it results in a pitch down
effect. This counteracts the pitching up effect at the CG due to drag.
One notes that for a lower position chosen for the CG the result could
be reverted by a greater lever arm of the drag.
Lateral Coefficients
As expected for an arched wing a lateral force clearly appears with
an increasing angle of sideslip (Fig. 9). At a low angle, the effect is
linear and does not depend on the angle of attack. The slope,
calculated in the range from −5° to 5° of sideslip, is −0.80 rad−1.
Nonlinearities appear under the combination of angle of attack and
angle of sideslip. Such a case is illustrated in Fig. 10 for which
α  19.2° and β  10.5°. A local flow separation occurs on the side
where both angles combine the most to increase the local angle of
attack.
The rolling moment at the CG (Fig. 11) mainly reflects the
evolution of the lateral force due to its important lever arm. It follows
that this contribution is also linear and independent of the angle of
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Fig. 6 Pitching moment curve.
Fig. 7 Effect of sideslip on local angle of attack.
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Fig. 9 Effect of sideslip on lateral force.
attack. It is, however, combined with a pure rolling effect that comes
from the asymmetrical lift distribution along the span given by the
sideslip. At low angles, this second contribution depends, by the lift,
linearly on the angle of attack. Thus, the curve slope dClG∕dβ varies
slightly and linearly from −0.60 to −0.72 rad−1 when the angle of
attack varies from −5° to 10°. At α  0° the value is −0.64 rad−1.
At a low sideslip angle, the yawingmoment about the CG (Fig. 12)
is linear. The curve slope dCnG∕dβ is positive and very dependent on
the angle of attack. The positive sign indicates a stable directional
behavior. It varies almost linearly from 0.14 rad−1 for α  0° to
0.61 rad−1 for α  15°. As explained before, sideslip induces a
modulation of local angle of attack, which implies a geometrical twist
in the spanwise lift distribution. Increasing angle of attack or sideslip
angle amplifies this effect. As for Cy and ClG, nonlinearities appear
when angle of attack and sideslip effects cumulate to result in a local
flow separation.
Comparison with Theoretical and Numerical Simulation
Results
Existing theoretical developments, as mentioned in the intro-
duction, consider the entire arch shape as a limited segment of a
circle. Failing better, such a theoretical wing is comparedwith the test
results of the paraglider model wing that is of elliptical arch shape. It
has the same flat area and span, the plan form is elliptic, and the arch is
of 0.8 m radius and 120° of arc of circle (Fig. 13).
Assuming an airfoil lift curve slope of2pi rad−1 and using formulas
from [7], which is an analytical solution of lifting line theory for
pseudoelliptic arched wing in asymmetric flight, and also from [8],
which leads to slightly different results through a similar approach,
theoretical and experimental results are compared in Table 3. There is
a good agreement for the lift curve slope dCL∕dα compared with [8]
and for lateral force derivative dCy∕dβ compared with [7]. The
experimental induced drag dCDi∕dC
2
L is between the two theoretical
predictions.
There is a less satisfactory agreement for the rollingmoment lateral
derivative dCl∕dβ than for the side force lateral derivative. With
sideslip, the rolling moment is a combination of a lateral force above
the CG point and an asymmetrical lift distribution. Thus, the
difference can be explained by the specific circular arch of the com-
parison wing. For the wings described in [7,8], all elementary lift
loads converge at the center of the circle and do not produce any
rolling moment. The more flattened shape of the tested wing induces
an additional component of rolling moment due to nonconverging
asymmetrical lift distribution.
Eslambolchi and Johari [11] present the results obtained for a full
3D ram-air personnel parachute canopy, with angle of attack
and sideslip variation, using a Reynolds-averaged Navier–Stokes
computation at a Reynolds number of 3.2 × 106. The main char-
acteristics of this kind of wing differ radically from those of
paragliders. The most notable are the rectangular plan form, a low
aspect ratio, and a circular arch shape with stabilizer. Table 4 com-
pares some results in order to show the magnitude of the differences
between these two kinds of wing. Even if longitudinal results show
some accordancewith the trend expected by the classical wing theory
where the aspect ratio is the preponderant parameter, the large gap in
lateral results denotes a major sensibility of the arch shape and of the
plan form for parachutes and paragliders.
Conclusions
This work presents a complete six-component experimental
database for a rigid paraglider reference wing, at realistic flight
Reynolds number, angles of attack, and side slip angles. The
description of the wing geometry is generic enough so that it may be
easy to reproduce for further experiments and numerical simulations.
Some specific behaviors of arched wings are described in accordance
Fig. 10 Visualization of local flow separation with combined angles of
attack and sideslip.
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Fig. 13 Difference between model and comparison arches.
with observed results as the “pendulum stability” or effects of the
“sideslip modulation of lift distribution.”Compared with a flat wing,
the arched shape adds a coupling between the sideslip and the local
angle of attack. This makes a significant modulation of the local lift
along the span, in both intensity and direction. This is sufficient to
qualitatively explain any specific trends observed in the lateral
experimental results. Themain difference, comparedwith a flatwing,
is the appearance of a lateral force. This force is accompanied by a
pitch down effect, a stable yaw effect, and a roll effect that raises the
side of the wing that is the opposite side where the wind comes.
Correlation with theoretical results from other sources is good to a
first order, given the difference of geometry. The remaining
deviations between theory and experiment are of the same order as
those between the two theoretical formulations used. The difference
observed in rolling moment derivative is qualitatively justified.
However, theses formulations are limited to elliptical-shaped wing
with circular arch. This does not apply well to the sophisticated
design of paraglider wings that need to adjust precisely the plan form
and the arched shape. Fortunately, because of the risk of collapse, the
flight range of paragliders is limited in practice to low angles. Within
those limits, as our results show, the behavior is linear and consistent
with the perfect fluid theory. Also, using a 3D potential flow code like
panel method, vortex lattices method or an adapted numerical lifting
line seems to be a sufficient solution to obtain the characteristics of a
givenwing. In this perspective, our results may serve as a test case for
validation.
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Table 3 Comparison of experimental and theoretical results
Item
Wind tunnel
results
Theoretical
value from [7]
Theoretical
value from [8]
dCL∕dα 3.01 3.45 3.02
dCy∕dβ (α  0) −0.80 −0.81 −0.64
dClG∕dβ (α  0) −0.64 −0.52 −0.44
dCDi∕dC
2
L 0.068 0.062 0.073
Table 4 Comparison of experimental and numerical simulation
results
Item Wind tunnel results Simulation value from [11]
λ 4.82 2.19
dCL∕dα 3.01 1.73
dCy∕dβ (α  10) −0.80 −0.31
dCl25∕dβ (α  10) 1.41 0.11
dCn25∕dβ (α  10) 0.48 0.074
dCDi∕dC
2
L 0.068 0.12
λe 4.70 2.63
CDmin 0.019 0.058
